ACF is a chromatin-remodeling complex that catalyzes the ATP-dependent assembly of periodic nucleosome arrays. This reaction utilizes the energy of ATP hydrolysis by ISWI, the smaller of the two subunits of ACF. Acf1, the large subunit of ACF, is essential for the full activity of the complex. We performed a systematic mutational analysis of Acf1 to elucidate the functions of specific subregions of the protein. These studies revealed DNA-and ISWI-binding regions that are important for the chromatin assembly and ATPase activities of ACF. The DNA-binding region of Acf1 includes a WAC motif, which is necessary for the efficient binding of ACF complex to DNA. The interaction of Acf1 with ISWI requires a DDT domain, which has been found in a variety of transcription and chromatin-remodeling factors. Chromatin assembly by ACF is also impaired upon mutation of an acidic region in Acf1, which may interact with histones during the deposition process. Lastly, we observed modest chromatin assembly defects on mutation of other conserved sequence motifs. Thus, Acf1 facilitates chromatin assembly via an N-terminal DNA-binding region with a WAC motif, a central ISWIbinding segment with a DDT domain, and a C-terminal region with an acidic stretch, a WAKZ motif, PHD fingers, and bromodomain.
The assembly of chromatin is a fundamental biological process (for reviews, see references 2, 6, 15-17, 29-32, 37, 46, and 48-50) . In proliferating cells, chromatin is assembled onto newly synthesized DNA immediately after replication. In quiescent cells, chromatin assembly occurs during histone turnover and DNA repair. Thus, the process of chromatin assembly is critical for the proper growth and maintenance of cells.
The assembly of periodic nucleosome arrays is an ATPdependent process that was originally observed in an extract derived from Xenopus oocytes (20) . Subsequent studies of chromatin assembly in Drosophila embryo extracts led to the identification and purification of ACF as an ATP-utilizing factor that mediates chromatin assembly in conjunction with a core histone chaperone (24) . In addition, ACF can catalyze the ATP-dependent mobilization of nucleosomes, and hence it is also a chromatin-remodeling factor.
ACF consists of the Acf1 and ISWI polypeptides (25) . ISWI (for "imitation switch") is an ATPase that was cloned as a Drosophila protein related to yeast Swi2/Snf2 (14) . ISWI is also present in the NURF (43, 44) and CHRAC (47) chromatinremodeling complexes. Acf1 was originally identified as the large subunit of ACF, and it has also been found in the CHRAC complex, which consists of two small (14-and 16-kDa) subunits termed CHRAC-14 and CHRAC-16, along with Acf1 and ISWI (9, 13) . It is also notable that the largest subunit of NURF, termed NURF301, interacts with ISWI and is related to Acf1 (51) .
Factors that are closely related to Drosophila ACF have been found in other species. For example, in humans, there are four complexes that are related to ACF, NURF, and/or CHRAC. First, hACF/WCRF complex consists of two subunits-WCRF/BAZ1A/hACF1, which is related to Acf1, and hSNF2H, which is related to ISWI (4, 34) . Second, hCHRAC complex appears to be the human homologue of Drosophila CHRAC (39) . Third, human RSF complex consists of a 325-kDa polypeptide and hSNF2H (33, 36) . RSF was also found to mediate the ATP-dependent assembly of chromatin (36) . Fourth, human NoRC complex contains TIP5 protein, which is related to WCRF/BAZ1A/hACF1, and hSNF2H (41) . In Saccharomyces cerevisiae, there are two ISWI-containing complexes termed ISW1 and ISW2. The ISW2 complex is similar to Drosophila ACF, since it consists of two subunits, Itc1 and Isw2, which are related to Acf1 and ISWI (19, 45) . In Xenopus laevis, four ISWI-containing complexes, including xACF, have been identified (21) . In addition, a variety of eukaryotic genome databases contain predicted proteins that are related to Acf1 or ISWI. Thus, ACF and related factors appear to be present in a broad range of organisms.
The cloning of the factors that mediate chromatin assembly has allowed us to establish a purified chromatin assembly system that consists of purified recombinant Drosophila ACF, purified recombinant Drosophila NAP-1 (a core histone chaperone [23] ), purified native Drosophila core histones, DNA, and ATP (25) . We have also assembled chromatin with purified recombinant Drosophila core histones that are synthesized in bacteria and lack posttranslational modifications (35). Thus, it is possible to study the ability of ACF to assemble chromatin with a completely defined biochemical system. Acf1 and ISWI function cooperatively in the assembly of chromatin (25) , and it is likely that Acf1 imparts additional functionality to the general motor activity of the ISWI subunit. Acf1 is a 1,476-amino-acid polypeptide that contains several conserved motifs (WAC [25] , WAKZ [25] , DDT [12] , bromodomain [22, 27] , and PHD fingers [1] ) and a 40-residue highly acidic region. In this study, we used the purified chromatin purified by FLAG immunoaffinity chromatography, as described previously (25) . The composition of the complexes was analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and silver staining. The protein concentrations were estimated by SDS-polyacrylamide gel electrophoresis and Coomassie brilliant blue R-250 staining along with a bovine serum albumin (BSA) standard (Pierce). Yields of recombinant ACF complexes varied from 500 ng (such as with IBR and ⌬[C-TRM]) to 20 g (such as with wild-type ACF) of total ACF protein per 150-mm tissue culture plate. The experiments whose results are shown in the figures were performed with baculovirus-synthesized ISWI. In addition, we purified bacterially synthesized ISWI (8) and found that its activity is indistinguishable from that of baculovirus-synthesized ISWI (data not shown).
For recombinant NAP-1 purification, 1 liter of Sf9 cell culture (10 6 cells/ml) was infected in a spinner flask at multiplicity of infection of 5 to 10 (which corresponded to about 20 to 25 ml of amplified virus). At 72 h postinfection, the cells were pelleted and washed with cold phosphate-buffered saline. Except where noted, the following operations were performed at 4°C. The washed pellet was suspended in 30 ml of lysis buffer (50 mM sodium phosphate [pH 7.0], 500 mM NaCl, 20 mM imidazole, 10 mM ␤-glycerophosphate, 15% glycerol, 0.01% NP-40, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM benzamidineHCl) and homogenized thoroughly in a Dounce homogenizer (A pestle; 30 to 40 strokes over a period of 30 min on ice). After insoluble material was pelleted by centrifugation for 10 min at 14,500 ϫ g (11,000 rpm; SS-34 rotor), the supernatant was combined with 2 ml of Ni-nitrilotriacetic acid resin (Qiagen) that had been equilibrated in the lysis buffer. The slurry was mixed on a rocking platform overnight. The resin was washed twice (20 ml each) with lysis buffer and then twice (12 ml each) with wash buffer (50 mM sodium phosphate [pH 7.0], 100 mM NaCl, 20 mM imidazole, 10 mM ␤-glycerophosphate, 15% glycerol, 0.01% NP-40, 0.2 mM PMSF, 0.5 mM benzamidine-HCl). The protein was eluted by four successive cycles of addition and removal of 2 ml of elution buffer (wash buffer ϩ 480 mM imidazole). The elution time for each step was 5 min. The pooled protein sample (8 ml) was dialyzed for 4 h against 4 liters of buffer R (without MgCl 2 ) plus 100 mM NaCl and then for 2 h against 4 liters of buffer R (10 mM potassium HEPES, [pH 7.6], 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM EGTA, 10% [vol/vol] glycerol, 10 mM ␤-glycerophosphate, 1 mM dithiothreitol, 0.2 mM PMSF) plus 100 mM NaCl. Significant precipitate formed at this step. The insoluble material was removed by centrifugation for 10 min at 14,500 ϫ g (11,000 rpm; SS-34 rotor), and the supernatant was loaded onto a 1-ml Source 15Q (Pharmacia) column that was equilibrated with buffer R plus 100 mM NaCl. The column was washed with 5 column volumes of buffer R plus 100 mM NaCl followed by 10 column volumes of buffer R plus 200 mM NaCl. The NAP-1 protein was eluted with a 30-column-volume gradient from 200 to 500 mM NaCl in buffer R. Fractions (0.5 ml) were collected between NaCl concentrations of 250 to 400 mM. Recombinant NAP-1 eluted in two peaks-a minor peak at Ϸ250 mM NaCl, and a major peak at Ϸ300 mM NaCl. Fractions from the major peak (1.5 to 2 ml) were pooled and dialyzed against 4 liters of buffer R plus 100 mM NaCl for 4 h. The protein concentration was estimated by SDS-polyacrylamide gel electrophoresis and Coomassie brilliant blue R-250 staining along with a BSA mass standard (Pierce). Typical yields of recombinant NAP-1 were approximately 1 to 4 g per ml of suspension culture. The protein was frozen in liquid nitrogen in small aliquots (100 to 200 l) and stored at Ϫ80°C.
Chromatin assembly. Chromatin was assembled onto a 3.2-kbp plasmid (pGIE-0) as described elsewhere (18, 25) . A typical chromatin assembly reaction mixture contained 530 ng of plasmid DNA (0.25 pmol), 530 ng of core histones, 2.1 g of NAP-1, and 44 fmol of ACF complex (wild type or mutant) or ISWI polypeptide. The reactions proceeded for 30 min at room temperature, and the products were analyzed by micrococcal nuclease digestion and DNA supercoiling assays (18) . In the DNA supercoiling assays, the fluorescence of ethidium-stained DNA was quantitated with the Alpha Imager 2200 digital imaging system (Alpha Innotech Corp.). For each lane, the extent of chromatin assembly was assessed by dividing the amount of fluorescence in the supercoiled band by the combined amount of fluorescence in the relaxed plus supercoiled bands. (The amount of background fluorescence in the supercoiled band in the absence of ACF was also subtracted.) Then the chromatin assembly activity of each ACF mutant variant relative to that of wild-type ACF (defined to be 100%) was indicated.
ATPase assays. The ATPase activity of ACF, ACF mutants, and ISWI was measured by thin-layer chromatography of [␥- 32 on December 18, 2017 by guest http://mcb.asm.org/ then terminated by the addition of 1 l of 0.5 M EDTA. For each reaction, an aliquot (0.5 l) was applied to a polyethylenimine (PEI)-cellulose thin-layer chromatography plate (SelectoScientific) that had been prerun in water and air dried at room temperature for 60 min. ATP hydrolysis products were resolved by chromatography in thin-layer chromatography buffer (0.8 M LiCl, 0.8 M acetic acid) and quantitated by using a phosphorimager. In our ATPase experiments, such as those in Fig. 3 , we observed less than twofold stimulation of the ATPase activity of ISWI polypeptide by chromatin (as circular minichromosomes) relative to covalently closed circular DNA (see Fig. 3B ). In other studies (see, for example, reference 8), it was found that mononucleosomes stimulate the ATPase activity of ISWI polypeptide to a much greater extent (about 10-fold) than that seen with the corresponding 146-bp linear DNA fragment. Thus, the structure of the chromatin and DNA affects the magnitude of stimulation of ISWI ATPase by chromatin relative to naked DNA. Sucrose gradient sedimentation analysis of ACF binding to DNA. ACF (wild type or mutant) or ISWI polypeptide (2.5 pmol) was combined with 10 g of recombinant human insulin (Roche; insulin was used as a nonspecific stabilizer of ACF activity) and 12 g (5.7 pmol) of supercoiled pGIE-0 plasmid DNA in 100 l of buffer containing 7.5 mM Tris-HCl (pH 7.9), 100 mM NaCl, 7.5% glycerol, 1.5 mM MgCl 2 , 0.15 mM EDTA, 0.75 mM DTT, and 0.01% NP-40. The binding-reaction mixtures were incubated for 30 min at 0°C and then applied to the top of a 5.5-ml tube containing a sucrose gradient (10 to 50% [wt/vol] sucrose in 25 mM potassium HEPES [pH 7.6], 100 mM KCl, 0.2 mM EDTA, 2 mM MgCl 2 , 1 mM DTT, 0.2 mM PMSF, 0.5 mM benzamidine-HCl, 0.01% NP-40, and 0.02% sodium azide). The sucrose gradients were subjected to centrifugation for 16 h at 225,000 ϫ g (43,000 rpm; Beckman SW55 Ti rotor) at 4°C, and nine fractions (of 600 l) were collected from each gradient. Precipitated material was not collected. An aliquot (35 l) of each fraction was deproteinized by proteinase K digestion and phenol-chloroform extraction, and the resulting nucleic acids were precipitated with ethanol and subjected to agarose gel electrophoresis (1% agarose). The remainder of each fraction was precipitated with trichloroacetic acid and resuspended in 40 l of SDS gel-loading buffer. The samples (10-l aliquots) were subjected to SDS-polyacrylamide gel electrophoresis (7.5% polyacrylamide), transferred to nitrocellulose, and probed for the presence of ACF subunits with anti-Acf1 and anti-ISWI antibodies (25) .
RESULTS AND DISCUSSION
The central region of Acf1 is important for its interaction with ISWI. Acf1 contains a number of conserved sequence regions, which include WAC, WAKZ, DDT, bromodomain, and two PHD finger motifs, in addition to a highly acidic segment (denoted as ACD) (Fig. 1A) . To investigate the functions of subregions of Acf1, we performed a systematic mutational analysis of the protein. To this end, we constructed a panel of mutant versions of Acf1, which are shown in Fig. 1B . In the design of these mutations, we sought to create a systematic set of deletions in Acf1 as well as to alter specific sequence motifs. The Acf1 mutant proteins (with C-terminal FLAG tags) were cosynthesized with wild-type (untagged) ISWI by using a baculovirus expression system. (Note that there was an excess of untagged ISWI relative to FLAG-tagged Acf1 in the baculovirus-infected cells.) The proteins were then purified to near homogeneity by FLAG affinity chromatography via the FLAG tag on the Acf1 variants. With wild-type Acf1 as well as with mutant Acf1 proteins in which the central region was not altered, we obtained copurification of the Acf1 and ISWI subunits of ACF (Fig. 1C) . In contrast, however, deletion of any one of five adjoining fragments from amino acid residues 312 to 1010 of Acf1 resulted in a significant reduction in the association of ISWI with Acf1 ( Fig. 1C ; see Acf1⌬[DDT], Acf1⌬4, Acf1⌬5, Acf1⌬6, and Acf1⌬7). Thus, the deleted protein fragments may contain residues that are involved in the interaction of Acf1 with ISWI. Alternatively, the deletion of some of these fragments may alter the higherorder structure of the ISWI-interacting region of Acf1. In this segment of Acf1, only the DDT domain (amino acid residues 346 to 411) appears to be conserved between Acf1 and another ISWI-binding protein, NURF301 (51) . Thus, the central region of Acf1 (residues 312 to 1010), which includes the DDT motif, is important for its binding to ISWI.
Different regions of Acf1 contribute to its chromatin assembly activity. With the panel of mutant Acf1 proteins, we sought to determine which regions of Acf1 are important for chromatin assembly. To this end, we performed chromatin assembly reactions with the purified wild-type or mutant ACF proteins along with purified NAP-1, purified core histones, plasmid DNA, ATP (and the ATP-regenerating system), and the purified recombinant Drosophila topoisomerase I (in reactions subjected to DNA supercoiling analysis) (18, 25) . To detect changes in the chromatin assembly activity of the mutant ACF proteins, we used limiting concentrations of ACF and terminated the reactions at early reaction times. Therefore, in these experiments, we used a 1:6 molar ratio of ACF protomers to plasmid DNA templates carried out the reactions for 30 min. Under these conditions, the templates were assembled to about 25% of full capacity with wild-type ACF.
Chromatin assembly reactions were performed with wildtype or mutant ACF proteins, and the reaction products were subjected to micrococcal nuclease digestion and DNA supercoiling analyses (Fig. 2) . The micrococcal nuclease digestion assay reveals the periodicity of the nucleosome arrays ( Fig.  2A) , whereas the DNA supercoiling assay reflects the extent of nucleosome assembly (Fig. 2B) . The relative activities of the ACF proteins were quantitated from the DNA supercoiling data (Fig. 2B) . There was also a good qualitative correlation between the extent of DNA supercoiling and the periodicity of the micrococcal nuclease digestion products. As controls and references, reactions were performed in the absence of ACF or ISWI (Fig. 2, left lanes) as well as with ISWI alone (in the absence of Acf1) (Fig. 2, right lanes) .
These experiments revealed that several regions throughout Acf1 are important for its chromatin assembly activity. First, mutations that impair the interaction of Acf1 with ISWI (indicated by asterisks in Fig. 2 ) cause a defect in chromatin assembly activity. (Note that reaction mixtures containing these mutant Acf1 proteins, which did not copurify with ISWI [see Fig. 1C ], were supplemented with equimolar amounts of purified ISWI.) The reduced activity of these ISWI-bindingdefective Acf1 variants is consistent with the low level of activity by ISWI alone in the absence of Acf1 (Ϸ11% of ACF [25] a C-terminal FLAG tag.) The bracket at the bottom designates the putative ISWI interaction region. (C) Interaction of mutant Acf1 proteins with ISWI. Wild-type and mutant Acf1-FLAG polypeptides were cosynthesized with wild-type (untagged) ISWI and then subjected to FLAG affinity chromatography. The resulting samples were analyzed by SDS-polyacrylamide gel electrophoresis (6% polyacrylamide) and silver staining, which yields light yellow bands for Acf1 polypeptides and dark brown bands for ISWI polypeptide. Both Acf1 and ISWI polypeptides stain with approximately equivalent intensities with Coomassie brilliant blue R-250 (data not shown). . It is interesting that mutation of the second PHD finger causes a reduction in chromatin assembly activity whereas mutation of the first PHD finger leads to a slight increase in activity. Lastly, aside from the mutations in the ISWI interaction region, the strongest defects in chromatin assembly were seen in the two mutant proteins containing deletions in the N-terminal region of Acf1 (⌬[WAC] and ⌬2). These results indicate that multiple regions of Acf1, rather than a single protein motif, contribute to its chromatin assembly activity. The ATPase activity of ACF correlates with its chromatin assembly activity. ACF has an ATPase activity that is stimulated by DNA or chromatin but not by free core histones (reference 24 and unpublished data). To investigate the effect of Acf1 on the basal ATPase activity of the ISWI subunit of ACF, we analyzed the extent to which DNA stimulates the ATPase activity of the various mutant ACF complexes (Fig.  3A) . We observed that deletions in the N-terminal region of Acf1 (⌬[WAC] and ⌬2) resulted in a near complete loss of DNA-mediated stimulation of the ACF ATPase activity. These findings suggest that the N-terminus of Acf1 is involved in the interaction of ACF with DNA. This hypothesis is further explored below.
We also examined the stimulation of the ATPase activity by chromatin. The ATPase activity of wild-type ACF is about nine times higher in the presence of chromatin than in the presence plasmid DNA. We therefore determined the ratio of chromatin-mediated to DNA-mediated stimulation of the ATPase activity of the ACF variants and ISWI polypeptide (Fig. 3B) . The ATPase activity of ISWI alone was not enhanced by chromatin (relative to DNA), and thus the Acf1 subunit is required for the chromatin-specific enhancement of the ATPase activity of ACF. Regions of Acf1 that appear to be particularly important for this chromatin-specific ATPase enhancement include the N-terminal WAC domain as well as the C-terminal bromodomain. The bromodomain binds to nucleosomes with specifically acetylated histones (11, 26) . In addition, the WAC domain is present in the N-terminal fragment of cbp146, a mouse protein related to Acf1, which associates with pericentric heterochromatin (42) . Thus, the bromodomain and WAC domain may be involved in the interaction of ACF with chromatin.
To see whether there is a relation between the ATPase and chromatin assembly activities of ACF, we plotted the ATPase activities of the various mutant ACF proteins (in the presence of chromatin) alongside their chromatin assembly activities. As shown in Fig. 3C , there is a strong correlation between the chromatin assembly and chromatin-stimulated ATPase activities of the various mutant ACF complexes. Thus, the ATPase (24, 28) . The relative ATPase activities of the mutant proteins were normalized to the activity of wild-type ACF (100%) and plotted (black bars) alongside their relative chromatin assembly activities (gray bars), as determined in the experiment in Fig. 2B . Error bars represent standard deviations (n Ն 3 for ATPase data, and n ϭ 2 for chromatin assembly data).
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data suggest that Acf1 may facilitate chromatin assembly, at least in part by enhancement of the ATP-driven motor activity of ISWI. These results additionally implicate the WAC domain and the bromodomain of Acf1 in the interaction of ACF with DNA and/or chromatin. The N-terminal region of Acf1 is important for the binding of ACF to DNA. The ATPase experiments suggested that the N-terminal region of Acf1 is important in the interaction of ACF with DNA. It is possible, for instance, that this region of Acf1 mediates the recruitment of ACF to DNA during chromatin assembly. We therefore investigated the binding of ACF to DNA. In these assays, ACF or ACF-DNA mixture was subjected to sucrose gradient sedimentation and the Acf1 and ISWI subunits were detected by Western blot analysis. These experiments indicated that ACF forms a stable ACF-DNA complex that sediments significantly faster than free ACF (Fig.  4) . In contrast, we did not observe a stable interaction of ISWI polypeptide with DNA (Fig. 4D) . Under the same conditions, Acf1 polypeptide alone (in the absence of ISWI) formed an insoluble precipitate and was therefore not used in these studies.
We then tested the binding of the mutant ACF complexes to DNA. As depicted in Fig. 4 and 5A, we analyzed gradient fractions that corresponded to free ACF ('Free' Protein Fractions) and to ACF-DNA complexes ('DNA-bound' Fractions). We observed that the binding of ACF to DNA was not affected by Acf1 mutations in the WAKZ domain, either or both PHD fingers, the acidic region, or the bromodomain (Fig. 5A) . In contrast, deletion of the WAC domain or the adjacent Nterminal region (in the Acf1⌬2 mutant) caused a significant reduction in the interaction of ACF with DNA, as indicated by the presence of 'Free' ACF (Fig. 5A, upper panel) as well as the reduced amount of 'DNA-bound' ACF (lower panel). We also analyzed each of the gradient fractions with the ACF⌬ [WAC] and ACF⌬2 complexes and observed that the majority of these mutant complexes did not remain stably associated with the DNA during sucrose gradient sedimentation (Fig.  5B) . Thus, these data indicate that the N-terminal region of Acf1, which includes the WAC domain, is important for the binding of ACF to DNA. In addition, the N terminus of Acf1 with DNA was required for DNA-mediated stimulation of the ATPase activity of ACF (Fig. 3A) . Together, these results suggest that the N terminus of Acf1 has a DNA-binding function that is required for the stimulation of the ATPase activity of ACF by DNA.
Multiple domains of Acf1 function in chromatin assembly. To analyze the N-and C-terminal segments of Acf1 in relation to the central region that is required for binding to ISWI, we constructed and analyzed three additional mutant versions of Acf1, which are depicted in Fig. 6A ). Acf1-IBR consists of the region that spans the five adjoining fragments of Acf1 that were each found to be important for binding to ISWI ( Fig. 1C ; see Acf1⌬[DDT], Acf1⌬4, Acf1⌬5, Acf1⌬6, and Acf1⌬7). Acf1⌬[N-TRM] is an N-terminal deletion of Acf1 that is lacking both the WAC domain and the adjacent region 2 (i.e., the region of Acf1 that is deleted in the Acf1⌬2 mutant). Lastly, Acf1⌬[C-TRM] lacks residues that are C terminal to the essential ISWI binding region.
The Acf1 proteins were cosynthesized with wild-type ISWI by using baculovirus vectors, and the mutant ACF complexes were purified by affinity chromatography via the FLAG tag on the Acf1 polypeptides. As shown in Fig. 6B , each of the new mutant proteins copurified with ISWI. The ability of Acf1-IBR to associate with ISWI indicates that this region of Acf1 not only is required for binding of Acf1 to ISWI but also is sufficient for binding to ISWI. We then tested the DNA-stimulated ATPase activity (Fig. 6C ) and chromatin assembly activity (Fig.   FIG. 4 . Sucrose gradient sedimentation analysis of ACF binding to DNA. (A) Sedimentation of plasmid DNA in a 10 to 50% sucrose gradient. The fractions were subjected to agarose gel electrophoresis (0.8% agarose), and the DNA was visualized by staining with ethidium bromide. (B) Sedimentation of wild-type ACF in a 10 to 50% sucrose gradient. The fractions were subjected to SDS-polyacrylamide gel electrophoresis (7.5% polyacrylamide) followed by Western blot analysis with antibodies against Acf1 and ISWI. The designation of fractions 3 and 4 as 'Free' ACF is indicated by a bracket. (C) Sedimentation of ACF plus plasmid DNA in a 10 to 50% sucrose gradient. The molar ratio of ACF protomers to plasmid DNA molecules was 1:2.3. The fractions were subjected to SDS-polyacrylamide gel electrophoresis (7.5% polyacrylamide) followed by Western blot analysis with antibodies against Acf1 and ISWI. The designation of fractions 3 and 4 as 'Free' ACF and fractions 7 to 8 as 'DNA-bound' ACF is indicated by brackets. (D) Sedimentation of ISWI plus plasmid DNA in a 10 to 50% sucrose gradient. The molar ratio of ISWI polypeptides to plasmid DNA molecules was 1:2.3. The fractions were subjected to SDS-polyacrylamide gel electrophoresis (7.5% polyacrylamide) followed by Western blot analysis with antibodies against ISWI. The migration of 'Free' ISWI is indicated by a bracket. ISWI polypeptide exhibited the same rate of sedimentation in the presence and absence of plasmid DNA (data not shown). Thus, the findings of this study suggest a view of Acf1 as a protein with an N-terminal DNA-binding region containing a WAC motif, a central ISWI-binding segment with a DDT domain, and a C-terminal region with multiple sequence motifs. It is interesting to compare the structures of Drosophila Acf1 and its Saccharomyces cerevisiae ortholog, Itc1 (19) . Itc1 and Isw2 (which is related to Drosophila ISWI) form a chromatin-remodeling complex termed ISW2. Itc1 contains an Nterminal WAC domain, a region with a DDT domain that is similar to the ISWI-binding region of Acf1, and stretches of acidic amino acid residues that may be related to the ACD segment in Acf1. On the other hand, Itc1 appears to lack WAKZ, PHD finger, and bromodomain motifs. Notably, the regions that are conserved between Acf1 and Itc1 were found to be most important for the chromatin assembly activity of Acf1.
Binding of chromatin-remodeling complexes to DNA via the WAC domain or other motifs. The WAC domain is present at the N-termini of Acf1-related proteins in a variety of organisms, and it seems likely that it plays a general role in the binding of ACF-related factors to DNA. In addition, components of other chromatin-remodeling complexes interact with DNA. For example, the p270 subunit (BAF250) of the human SWI-SNF complex contains a DNA-binding ARID motif (10, 38) ; the Snf6 subunit of yeast SWI-SNF complex binds to DNA (40) ; and the Rsc1 and Rsc2 subunits of yeast RSC (7), as well as the hBrm and BRG1 subunits of human SWI-SNF, contain DNA-binding AT-hook motifs (5). The Rsc3 and Rsc30 subunits of RSC also contain several leucine zippers and zinc clusters (3) . Finally, the NF-terminus of NURF301, the largest subunit of NURF, contains a composite DNA-binding domain that is closely related to HMGA proteins (51) . DNA binding could play several distinct roles in chromatin assembly and remodeling. Some possible functions that would involve DNA binding include the bending or twisting of DNA, the formation of DNA loops, translocation along DNA via an inchworm mechanism, the establishment of nucleosome spacing and linker DNA (e.g., by transient occupation of internucleosomal DNA during assembly), and recruitment of the protein complex to the DNA substrate. In addition, DNA-binding motifs, such as the WAC domain, could act in conjunction with chromatin-binding motifs, such as the bromodomain.
In summary, the structure-function analysis of Acf1 has revealed DNA-binding as well as ISWI-binding regions that are important for the chromatin assembly activity of ACF. The DNA-binding region of Acf1 includes a WAC motif, which is important for the DNA-binding activity. It seems probable that the WAC motif will be involved in DNA binding in other on December 18, 2017 by guest http://mcb.asm.org/ related factors. In addition, the binding of Acf1 to ISWI requires the DDT domain, which has been found in a variety of transcription and chromatin-remodeling factors. It has been suggested that the DDT domain is involved in binding to DNA (12) , and our results suggest an involvement of the DDT domain in protein-protein interactions. Chromatin assembly by ACF is also impaired upon mutation of an acidic region in Acf1. This segment of Acf1 may interact with histones during the deposition process. Lastly, we observed modest chromatin assembly defects on mutation of other conserved sequence motifs, such as the WAKZ domain, PHD fingers, and bromodomain. These motifs are not apparently conserved in Acf1-related proteins from Drosophila to S. cerevisiae. It is possible, for instance, that these sequence motifs are involved in functions that are distinct from the intrinsic assembly process, such as the interaction of ACF with other factors, the localization of ACF within the nucleus, the coupling of assembly with DNA synthesis, or the regulation of ACF activity. Thus, in conclusion, these studies provide a useful and important perspective on ACF function that could be extended to the further analysis of ACF and other related chromatin assembly and chromatinremodeling factors.
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